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Lpoxy resins are widely used us matrices for high pere

ABSTRACT

" formance conﬁoaites for their elevated physical properties.
However the permanence in a humid enviromment and at rela-

tively high temperatures produces a reduction of these pro=-

perties, due to both moisture induced plasticization and
ﬁiciocavitiea fornation. ‘in a frevious report the Authora
have introduced a simple model to describe temperature hie
'stofy depandencé of liquid water sqrption‘in epoxy resin.

A history dependént solﬁbility model 1s gene:glised in

accordan#e with the Dual Mode Sorption Theory to iake into
account a history dependency of effective water diffusion
coefficients in epoxy résihh, based on a hypotizséed micro~

cavitational dﬁmage dueAto the combined effects of temperaw
| ture and sorbed modsture. For this purpose, weight changes
in sorption'; desorption 9xperiments, made on thin cast
sheets of epoxy4resin, haQe:been'followed using & Mc Bain
#{ quarfz = gpring microbalanée placed in temperature and hu=
x ‘midity controlled cell. Attention has been given to the
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finally, & crazing criterion is qualitatively used to
test the nature of the damaging process involved for the
synergiatic effects of applied stresses, moisture sorption
and temperature. In this first attempt some aspects fur-
ther indicate craszing as the main phencmenon responsible
for the damaging process. The increase of the driving force

for cavitation, i.e, applied tensile atress, results in

fact in an increase of the apparent solubility. The .

effects of a hydrostatic compressive stress field is also
discusoed,
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Fiber reinforcea plastics are belng increasingly utilized
X for sﬁructural applicaticns where their lcag-term properties
: are of primary importasmce., A3z a result the problem of envie
13 ronmental effects on mechanical performance is attracting a
'g great deal of attention. In the case of epoxy camposites it
2 has been shown that their elevated mechanical prépertiea are
strongly affected by moisutre absorption from high humidity
environments (1-9)., This effects, especially at higher
temperatures, has been associated to moisture induced plas-
ticisation and/or micromechanical damaging (6,7), While the
j plasticization effect is a reversible phenomenon, the micro~
cavitation is not recoverable. lhe damiging proce~s, go-

' verned by synerglstic affect of* sorbed moisture and tempe-
2 raturey is particularly cvident on solubility behavicur,
vhere an additional weight gain is observed (1,3,6) when
samples are exposed to cycling conditions of environment
and temperature (thermal spikes),

This additional weight gain is attributed to moisture
entrapment during microcracking of the resin, asince glass

transition temperature changes are not observed (6),
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Most of the published work ie concerned with the con-
bined effects of molsture and tempersature on the sorption
behaviour of a composite matrix material. In fact, while
the sorpiion procews is reasonably well described by classi-
cal diffusion laws (1,2,6), history dependent equilibrium
moi sture solubilities are ueually found (1,3,6,10), Sorp~ .
tion behaviour anomalies are particularly apparent at ele-
vated tomperatures.

Often, when the diffusing species have high affinity
with polymer, the sorption is coupled with molecular re-
laxation and crazing (11-16) vherein morphological modi=
fication of the polymer are involved. Anamalous sarption
behaviour hus been reperted for numerocus polymer-diluent
systems (13,17,19=22). In the casé of thermoplasiic po-
lymers, a sharp advancing swollen front has been obgerved
and both the propagation kiretics and the morphological
modifications due to the solvent have been extensively
studied (18,20-22). low crosslinked polymers have shown
almost similar behaviour {15). However the crosslinked

étructure of these rsains reduces the amount of relaxa-~

tion due to solvent sorption, which namely may take place




b

in the regions with low crosslinking density (4,23-25).

Moreover, for moisture and water scrption, localized cavi-

-

tation has been also associated with the tendency of water

to feorm clusters (12,25).

- A . et

In the last years interest nas been focused primarily

s i b B o

on the effects of moisture sorption during "thermal spikes®

PR

in real-life simulation tests (1,2,5,6,26,27) on the pro-
: perties of thermosetting resins. The consequent reduction
of ultimate properties has been associated both to irrever-
siblé.damage (micfocracka formation) and to reversible da-
9 mage {water plasticization) (6). The formed microcavities
mﬁy trap additional molsture without modifying the total

l amount of water sctually dissolved in the bulk material

] (i.e. with no further changes in the glass transiiion tem-
per&ture (6) )« For socption’of geeses und vapours in
glassy polymers the Dual Mode Sorption Theory has been
successfully developed to correlate the presence of hypo=
| tized pre-existing "holes" or "free volume elements! fro-

: gen in the glassy state to characteristic sorption beha-

.
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{f viours (26-29). Equilibrium weight gains have been des~
eribed (10) to be pregreasively affected by microcavity
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formation as the teuperature wag incruaaed,

The history depentent soiuhillty model previously pree-
sented 1s gererciized in accordance with the Dual Mode Sourpe-
tion Theory to take into account a hygrothermal history de-
pendence of effective diffusion coefficient based oa induced
microcavities. An attempt is made to correlate morphological
changes and diffuaipn parameters in this structurally diffe-
rent material. Sorption'kinetics of water and moisture in
epoxy resin are here reported and analyzed in sight of a
complete immobilization model for trapped species, Equili-
brium moisture sorption levels, usually reported to bs re-
pregented bty power law function ot the relatlve humidity
with oxpenents ranging from 1 to 2 or higher values (1,30,31,
27)phave been obtained snd interpreted in the 1igh. of the

-

above model.
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SORPT1u MODEL
Assuming that the equilibrium concentration of the pemetrating
species in the glessy poh;mer may be separated in two terms, one

history independent end the othier history dependent, one may write:

N

c.r (T,T,8,%) = C,(T,a) + cz(r.':.u,u) (1)

where T and a are the actua) temperature and sxternal sctivity, and

7 and ware the previous thermal and activity history. In sddition,

considering that Cy may be described by the combination of a Henry's
law dissolved term and & Languimir "preexisting hole f£illing" term
in accordance with the Dual Mode Sorption Theory ( 23,29), i.ee¢

¢ b(M) a

C, = k. (T)a + . (2
1 4 ).a '*bh‘sg )

vhere kd is the Henry's law constant for dissolved species, a is
the external activity and C;w and b the lanpuimir capacity constant
for preexisting holes and tie affinity conatant respectively, Due
to the microcavitational pature of the hypotized damage, the history

dependent solubility lterm i assumed to be of languimir type onlys

Cin, %) b{T) a
Cz(T,f,l,"() = h ! . 3
14 bll) &
where C'h is the hole saturation constant which is associated with

the induced cavities ir ihe polymer and b(7) the polymer~diluent

affinity constant, which is the same as the one reported in eq. (2).




Substituting 2 and 3 ipr one obtainsa:

CalTyTyant) =k (1) &, Chot Cpfzsn) (T ) s (4)

1+ b(T) a
In‘ the case of linear isotherm, where ab«l, equation (4) becomes:

¢ afk(1) + K0 (1,2,0] o (5)
vhere K(T) =x (T) + C'_ (T ) and
d ho
K' (T,t.‘) = C'h(t’ﬂ) b(T) .

For experiments perlormed at constant temperature and fixed exter-

nal activity CT will be only. & function of the previcus hygrothermal
history,

The transport model for systems in which sorbed molecules can

be divided in two populaf.iors, one fomd by ¢ mpletely immobilized
aoincuiﬁl and tho other oy woleculea free to difflire, has buen deve=
loped by Victh and Sladek {32) in a modified form of Fick's second law.
| Subsesquantly a partial immobiiizatlion model bas buen successfully de-
veloped by Paul and Koros (33) from the relaxation of the postulate

of cdnplota immobilisation suggested by Petropoulos34Due to the strong
interactions between the penetrant and the polymer and the high cohesive.
snergy of water, large differences in relative mobilities are expected
and the total immobilization model hms then been used. In such case,
in fact, whan linear sorption isotherns are experimentally found, dif-
fusion of a penetrant may be described by classic diffusion law with
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congtant value of thae effective a'ffusicn coefficlent (35),

b = X p {6}
where kd and KT are respectively the true and the overall

apparent Herry's law constant, and D the actual diffusicn
cdefficient of the dissolved species,

Zquaticn 6 states that when part of the diffusing mole-
cules are Iirmobillized, the effectiva diffusion coofficient 1s
lower than ths actual, Once the isotherm 5 15 irreversibly
fixed by thel;revious history (K' = constant) 13 linear and
KT beccmes: '

Kp = &4 K {7
where & and K!' are defined in equation 5 .

Zince kd can not te directly calcuiated, equaticn 6 has
heen orimarily uzod to investigate the nature cof the moroholo=
4ical changes associated with water scorption. In fact, in the
éaéa of micrccaviiational éamage, samnl:zs damaged by diflerent
anountys will show differcnt <ffeative diftusion coefficiants
ird schubllities, 2130 ir testod i the zame expericontal cone
sitlens, By indicating with the surerserict prie a:d ca2cond
the higher ard tic lower degrece of damuge reapectivoly, sne can
write (frem :quation 6)1

Ket
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In the cass of irreversible microcevitational nature of the
deuage, equation B is verified when for high apparent solubili-
ties, lower effective diffusion coefficients are expericenially
found, tMoreover classic Fickian diffusion laws for constant
diffusion coefficients are not expected to adequately describe
water sorption in epoxy resins during the damaging proccss..
lnis is, in fact, mathematically equivalent to the case of con-
centration dependent diffusion coefficients, due to the history
dependence of K' in equation 6,

RAFERIMENTAL

Materials. ‘

Specimens were prepared from Epikote 828 (kindly supplied
by Shell It.) using commercial tﬁiethylene-tetramine (TETA) -
(Montedison SpA) as curing agent. Distilled water wus used in
the sorption experiments. Dissolvent gasses were removed by
repeated freeze-thaw cycling, under vacuum, using liquid nitro-
gen &8 refrigerant. T he epoxy samples were prepared following

the same procedures previously described (10),

Sorption Kinetics Exporimentss
Moisture sorption kinetics and apparent equilibria were

determined by means of a Mc Bain (36) quartz, elicoidal spring

microbelance served by a standard vacuum system., The quarte

springs with a 0.50 ng/mr sensitivity were obtained from the
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Ruska Corporation, Worden Quartz Froduets Division, Houston, Texas.
The zamzple temperature wagz maintained congtant by circulating ther-
mostated water through & wvater Jacket surrounding the serption cell.
Different activities have been maintzined in the svstem by 1mposiné
and cont}olling, by means of & mercury differential manometer, dif-
ferent pressures of water vapors,

Gravimetric liquid sorpt:orn measurements were performed $y
weighing 3.0 x 319; 0,05 en’ samples repeatedly on a "Galileo" ana-
lytical talance following immcrsion in water maintained at constant
temperature. The senples were removed from the water, blotted, ple-
ced in a weipghing bott;e, wveighed, and finally replaced in the con-
stant temperatufe water tath,

Sorption datﬁ are indicated as C (perceAtage of weight gain
referred to the dry weight) and plotied &s a functioﬁ of /?/1,
vhere 1} ig the thickness of Lhe samples ranging from 0.2 to 0.4 mm
for vapor sorption and from U.4 to 0.6 for liguid eorption., Sorp-

iion equilidria were achieved over 2 to 200 days depending upon the

test terperature,
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BESULTS AND_DISCUSSION
Equilibrium dats dizcussiou and presentatdon of scrplion kinetics.,

Congtant temperature sorpiions and desorptions have teen
carried out on the same sample at progressively higher humidi-
ty levels. Thie will be referred in the following as "First
sorption - desorption cycle set" and will be indicated with
the Roman numeral I. Once the sample has been equilibrated
at the highesgt humidity level all subsequent sorptions and
desorptions will be referred as "Second sorption - desorption ‘
cycle set¥ and it will be indicated by Roman numerai II, :
In Figure 1 a) and b) polymer weight gains, expressed
as grams of solvent per 100 grams of dry resin, for the
first and second sorption - degorpiion cycle sets ut 60° C,
have been plotted &8 a function.of square root of time nor-
malized to the sample thicknese, 1. Numbera on the curves
refer to the activity at which the specifie test has been
performed, The activity is defined as the ratio between the
moisture pregssure in the sorption cell and the water vapour
pressure at the temperature of the experiment, For activities
higher than 0,60 first'sorption experimental points have not
been reported in Figure la since the initiel part of the curve

does not follow the classicul Fickian diffusion predictions (37).
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The argument will te {urthordeveloped and discussed in terme
of' appurent concentration dependence of the "effective" dif-
fueion coefficient in the kinetlic paragraph. Conversely in ,
Figure 1b sorption and desorption kinetics have been report-
ed for all activities indicated showing that in this case

all the data at low times are correlated by a straight line.
In Pigure 1c equilibrium solubilities, obtained from the
asymptotic values of the sorption curves, both for the first
and the second sorption - desorption cycle sets, at different
activities, are reported. Open circles refer to the progres-
sive moisture equilibrium weight gains which have been ob-
taired in the first sorption - desorption cybles gset, The
isotherm is clearly non linear (upward) showing a positive
deviation from linearity at higher activities. Once the
maximum value of the activity fs experienced by the sampls,
the equilibrium moisture weight gains are linear with the
activity values (full circlea). The differences in the
sorption behaviour, for the same environmental conditions

are to be related to a progreséive damage that is produced

ir the material equilibrated at increasingly higher moisture




contents, Once maximum equilibriwm meisture content hue
been roached (in this case & = 0,99), and the tempcrie
ture is held ut constant value, no additlongl demsge can
be induced in the resin, The polymer-weter system, then
behavea linearly when the internal state of the material
does not change during the experiment, In this case an
apparent Henry's law constant can be defined as the slope
of the linear 1sétherm. The overall eystem is then iden-
tified by an additional internal state variable which is
function of both the temperature and the moisture con-
tent., Once the system is fixed the sorption kinetic be~
comes 8 reversible pherocmenon. In fact tha équilibrium
values of the solubility for the third sorption - descrp-
tion experiments are reportad in Plgure e as full {rian-
gles éh;wing 4 good agreement with the previous data.

The sume nrocedure has been followed for temperaturcs
both hipgher (7500) and lower (4500 ard 20°C) than the pres

vioug one. The first and second sorption - desorption cycle

sets are reported in Fipures 2a and 2b whfle hupidity his-
tory dependent isotherms are shown in “igure 2c for =75,

The upward isotherm (Fig., 2c) relative to the first sorp~
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tion - desorpiion cycle set equilibriier sclubilities {open

cireles) showsz en $nitial apparently lincar part followed

i by progressive positive ueviatlons for activity higher ‘
% than 0,60, The existence of this apparently initial line- 3
% ar region indicates that at low molsture contents, inde-
3 pendently of the test temperature, the damage induced in

the resin is irrelevant, Sorption paurameters obtained on

"as cast" polymer at low activities can be then referred 1

P T
. IO

5 as relative to the undamsged resin (i.e. K of the solubi- 4
; 1ity model). Agein, once the sample has been equilibrated
| at the highest humidity level (a = 0.99), the system be-

haves linearly for all activities (full circles of Fig.2c)

with an overall higher apparent Henry's law constant than

i; in the undamaged state (initianl slope of the upward iso-
k’ therm), )

" Sorption - desorption cycle aets at 45° ¢ are shown
in ¥igure 2. Additienal oquilibrium moisturs contenis for
“sa cast" suwples heve been cbtained without following the

A gorption kinetics and are also reporied in Figure 3c (open

cireles),
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at thig bemperastues the 4ifferences betwcer the linear

urd the upward isotherms are less proncunced as expected
: from the terpsrature depemience of the damege in the resin-
} wator aystem., Low temperatvre environasnt is, in fact, in-

ducing lower damage than a higher temperature environment

o fo L e LB e

even in ihe same conditions of molature content. When the
test terperature was reduced, T = 30°C in Pigure 4y & gtill

less pronounced histery dependence of the isctherms was

3 found, At this temperature the humidity control was diffi-

‘i cult to achieve (p = 30mm Hg) but still appreclable, A

| dotted line 1g plotted to indicate the presumed upward iso-

therm. Once apgain a ldneer jcotiberm 1s founi when samples ’
are previously eaquilibrated at higher humidity levels, It f
chonld te noted Lhat the nmeisturs "per se" is not ffective
to produce =ny microcavitetion 1u the resin tut, as already
podbted out in the litersture {1,6), the aynergistic effect
of molisiure anu temperature io really effoctive in the damag-
ing process.

| Fer temperature lower than 3000 (4n particulure 26% #

and 2°C) sorption from liquid phase, a = 1,00, has been fol-

lowed and the dete are reported in Figure 5.
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In Figure 6 solubilities of resins previously equili-
trated at higher humidity levels ae function of actual va-
pour pressures (in mm of Heg; and tor ¢itferent tempe~utures,
a8 reported on the curves, are shown. For experiments made
in the liquid phase, water vapour pressures at the tenpera-
ture of the tesis are used as abscissa. lsotherms are in- .
terupped &t pressure values euual to the relative water va-
pour pressure. The overall apparent Henry's law constants
K, , obtained from Figure 6, are plotted in a van't Hoff
diagram in figure 7 (full circles). On the same figure ap-
parent lenry's law constents for undamaged resih, K, ob-
tained from the initial linear portions of the upward iso-
therms have also been reportsd as open circles.

It 1s interevsting to notice that a stralght l.ne well
correlates the solubility const;nts data for undamsged re-
sin (low activity test or low tempcrature experiments), as
expected 1f ihe upward shape of the isotherm is Jdue %S¢ the
history dependence of the zecond lerm x' of eq. 7 in severe
conditions of humidity ard temperature, Indeed, if it is
8o, specimens eouilibrated at high humidlty levels snd at

different temperaturee ere not expected to show appatent

. ,uj,,_.,?l‘ A z»'ﬁe.-r NRLEAT | e i ® '
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henry! 5 constants that can be correlsied by straight lines in
A van't Half dlagram since they heve differunt degrees of mui-
erovolds, Howevar, once the glate of the material has bLeen
fixed by the hygrothermal history, then a linear relctionship
must be fourd. In fuct, in Figures & a) and b), sorptivi - de-
sorption curves are reporied for tests performed at T = 30O c
and T = 450 C, ruspsctively, on sumples previously equilibra-
ted at T = 60° € and 8 = C.99, For such system linear iso-
therms have been obtained and reported in Figure Sc (oven
circies) together with those obtained on samples equilibrated
c o

only at the test temperature (45 C and 30 G) (full circles).
It i3 evicent that for svstems squiiibrated at higher tempera-
ture, the higher degree of damuze 1g shown by a Lipher sciubi-
11ty constunt, The oversli apparent Heney's con, wants nbtulne
ed fron Flpure S0 anc fran & fow wrbivity deol (no= 0420 ng-
periment ut 7570 con o peeviouniy equllibrabed gusple =i 7 s €0
and a = 0,9, ars ropcrted as tull btridareies in Flgure 7.

As expecied, & straight ilce, warallsl to ihe e corrsoe
ponding to undemazed resin, well correlates the exverimenisl

poinis.

¢




Ceneludding, sorbed melstare moy induce diftfarent deprees
of irreversible dugnge wepeniing upon the temperatur: srd hu-
midity levels imposed on the sample. For low values of tempe-

, o, ) , . , X
ratures (T 20°C) or for low ectivities (a ) 0.60) sutsequent

sorptione are affected by ihe previous teuwperature and humidi-

ty historiss. History dependent spparent Henry's law congtants,
as discussed above, give upward shaped isotherms once the da- J

wagirg process 1s active,

L i

Conversely, once the Jamage nas reachsd iis maximum value
as a result of exposure to drastic environmental condiiions
(high values of T and a), linear sorption isotherms with high-
er apparent Henry's law constanis sre obtained in any subsequent

sorption - desorpticn exveriment |

gcussion of kinetic data

fotm A Smrr——

HMoigture sorrtion und decorntion in epoxy resins have been

4 S

previously presented for different values of temperalure and ex- :
ternal activity, Equilibtriwn moisture sorpticn levels have been
described to be represented, for the same polymer and at the same
temperature asd humidity conditions, bLoth by lincar and upward

{potherms (1.e. Fig. 2¢c), depending upon the humidity history to
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which Lre asyston weas svij-cted. o first gorptions on "ae

casty recing {open cirvloa; the inltivi apparenily Jinear

isotherm {(Uotted liue) war prospressively suuject to sipule
3 . o 3

ticant poeltive devieiionr, asuoviated with a deansping yro-

cess, as the external activity was increased over 0,60, Once

ithe maximum humidity level imposed to the system 13 fixed,
for all subsequent eorption and desorption, the solubllity
data were fitted. by linear isotherms (full circles) of
™g. 2c. Vapor sorption data for high activities and tem-
peratureg in the first sorption run have not been reported
since they were not described by ordinary Fick's laws. An
explanation of such anomaious behaviour will- be given fur-
ther on using the arpumente discussed in the section on
sarption model,

Moisture sorptlon and descrptica kinctles for two dif

!

forent values of acbivily in Yas cant" epoxy resin (first
paorption ~ desorption cycles) sre reported in Figure 3 for
este pade at T = 757 C. Accordalng to urdinary Fickian
diffuscion with constasi diffueicon cosfficient (37), both
en Initial 1inear purt in & welgnl gain VS ¥t plot and

sorption ani deanrption dats lying uop the gawme curve are




expected. tHowaver, wilie bLuds oo verified &t Jow wetivities

{u = 0.5 in ¥4g. &), a2t high activities (a = 0,R0) anoma-
Jous behaviour nas been found, As previously diccussed, toe
erfect ol damezling orocess on the effective diffusion coef.
ficient may be atiriliuted to morphsloglcal changes in form
of microcavities, The anomalous behaviour sghown at high

numidity efvironments could, in prinecipls, be slso expleined

by an actual cencentration dependency of diffusion cosfficients.

Sorplion and desorption tests performed at ihe sane
high activity (a = 0.80) and temperature on a sarple pre-
viously equilibrated nt a = 0,99 {second cycle rune), ar
shown in Fig. ©, A good superposition of the sorpticn and
desorption sata may be cbyerved as predicted by the wroposed
nudel, since no addizioned micre -odd forsstion 1u  xpected
once the metovrial has alr cady neen exnosad Lo morc severe
conditlons. Tn additic, this coguit Indicntes that the
use of a real conuentration dependent dirfusion coefficlent
wald not oe setisfuctory Lo etplain the anomalies found in
Figure 8. Moreover, the environmentsl corditions of a = (.60

= 760 x
and T = 757 G sre not adie to indves significant micro -

.




wd Je

velding in the resin sance »vident anomalles have not been J
round in the sorctron curver,

Sorpticen curves ctiatned ot ihe tame activity, a4 = G.L0

o

and T 5 7% G, for ac vast samples (7)) wmro for e sorple previe
Y ovely equilibrated ghoa ® 0,99 el the swre temversiu-c (is) ore
shown in Fipure10. 1% cap be observed, es occerdinr to egus-

ior B, that tre diffuclon ccefficient of Ui cakuoged swipld

P

in Jower then th-i of the undumaged specimers (B> ). e
h rorphologicsl meuificatior which increeces the solubllity of
g the craged recin, «t fixed e¢nvironrentel conditions, lowers

. the effective diffusion coefficient,

' In Pipure 11 the ratius between diffusion coefficients otw
f .

\ © taired in tbs sore experimenlal cengiticns, on earpics equili-
k : breted in dalffercoi envivonmentzl conditions, are reported as

a function of tne ratloc betwsen the messured solubilities ard
are cempared with equetdien # (21 lire), The accordarce be-
twegn the experimental dats end the thewry 1s feiviy good,

hs previocusly reported s the dumaglrp process is
ol evidnet at jow external hwiddlity levels for all the tem-
rer-dure inveesldpaied, end at lcw temperstures for ull re-
lative hurdditier anaiyzed. As a conseguernce, effective

diffuelon ceefficlents for the undamaged polymer can be cul-

culzted at bigh terperatores in low humidity environmeris




vy

-
-

and 3t low fmperaturcs in ail vomiciby condlbions (also 1ijuid
wataer).,

Difvsion coeflficinanta for damased (T = 66° €, a = G.99) and
undumaged resin huve been crosspletted with solubility dats, as a
function of ths reciprecal of the temperature, taren from the data
pregentad in the previous paragraph ., A3 for the solubility data

open triangles in Figaz, the diffusion coefficlents calcu-
lated from tests performed both at low tcmperatures (29 and 20° C)
17 liquid water and at high temperatures and low activities (re-
ferred as undamaged;, are also well correl&ted by a straight line
in the Arrhenius plot (open circles ia Figureid. For damaged
camples leover ditfusion coefficients !full circles) and aigher
solubilities {fuil trizngles) heve toen found in the range of the
tenrperasturcs studied. Activaltica vrerzy for the (lffasion proe

cess of about 15,5 Keal/wcle hag ceen caleulated both for Jawsged

oy ~ e rm e 1, . o ~ o e . - o . 4. -
and undamared cumplos,  he correspondin 3 of nixisg Jer

~oth Zmterials his o Losn Soand 4o e of =11,0 Keal/mole.
ia conclusion, it hag teen ushouwn that the evfact of tenperi-
ture and humidity o the epoxy microstructure may be noted toth
‘rom xioeties snd cauilibrive datae The nature of the Lypo-
tized daraging process (microcuvaties formution) ius in agreement

with the diffucion ccefficlent deprossion experimentally Found and

theoretically predicted by an analysis hased on Tial Mode Sorpticn

transport model with conpletaly immoblilized irapped species.
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Applied stress rnd dnwgine yroeoss in pregence of sorbed
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Crazing has been sescriped as s foru of ylolding in plase o

sy polymers involving significant cavitation and Jocwlized fi-

F brillation and orientaiion of the naterial surrounding the co=

1 vities (38) which develops a thermodynamic restoring force due
to conformeticnal entropy changes of the oriented macromolecu=
les , Howsever, in crdinary conditions crezing is considered
irraversible since the wrakness of the restoring force as rels-

- ted to the forces r yulred to initlate the cavitation, results
in a racovery time zscale that is decadss longer than the typle
cal initiation time scales In addition, while cavitation is
isotropic in character, the fibrillation and orientation of
Sraze surrounding the cavities ie nc*, snd,in fact, i1ts dire-

f( ctioﬁaiity hss besn deserined i}@) in terme of major principal

etress alwuyeg perperdicuiar {o the crrue tip, hence the name

rormal stress yielding (40).
For these reasons 8 critericn fu~ eraging based onm
tirely on the first lInvariant Is not adequate, Impiying

thut eraze formation should be a completely isotropic

.

yielding processs The dependence of creze initiation has




tosn succesgfully deserited i terms af daviatoric stress
blaa ((;) versus the reciprocal of the firstestoess inva-
riant (I¢) (4C). lhe stress bims.{i.s. sivess vector with mag- *
nitude' enqual to the majsr shaar stress but with dicection
of the major principal stress),may be viewed as the drive
ing force, and a& directicn determiuing component of the
stress state, for the Fibrillation and orientation step,
whereas the first-stress invariant is the cavitaticnal
driving force.
In equation form it may be expressed asa:
f; p! A+ E
iy
where A and ¥ are temperature-dependent muterial constants
and I3 ié,the first~stresgs tnveriani which must be positive
{ 81lational  for eavitution., This sugge:sts that ns the
siress {ield becames nen dllational the cavitation pro=-
cesy 13 the limiting fsctor, craze becomes inereasingly
difficult to initiate and shear yilelding may be obgerved as
vielding mods (40).

The above criteria may be qualitetively used to inves~

tigete the nature of the damaging process associated with
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moisture sorpiion, In fuct, if creze formaticn 1s i1ovoked

to explalin apparent gdivbility chenges of suuples subjerted
te different hyegrotuevmal historise, the effecte of en ex- .
ternally aoplied sirees fleld on svlubilities may bo rre~
dicted, considering its influence on the driving force for
cavitation, I;. Sorbed solvent induced osmstic etrcoses {41)
or differential sweiling straing of regions with different
crosslinking denelties (4,23) produce the “internal" strees
fiz]d distribution responsitle for craze formation. The
superposition of an external stress field will fuavor or de=-
crease the tendency of the mnterial to eraze, ddpehding on
the variasticng of the resulting first-stress variant., For
example, the applicatlaon of a tengile strese will increasc
I4 snd 8 move crazed {(dewagod) materds! should be sbtaincd,
wh;le,'converepﬁy, tLha nppilcwt{uc nf g pyaroastatie pressure
will decrease 11 and 2 iegs erezod moteriel shouid resuld,

Such un sipoetation has bren experimentally tested by per=-

foermd ng corption exvericents on asampke subjected to diffe-
rent "stress historics” vhen expossd tc the same envirommen-

tal conditions., Liquid water sorptious have been previously

carries out at T = 40° C on an uniaxislly loaded dumbell sam-

ple and on an unloaded reference sample., After a period




three times longer than nsualily needed to sguillbrate un- :

lcadad samples ¢t the pame temperature, the dumbell aspecie-

mens were cut into rectangular shapes and weighed in the wet ,
states The dry weight was subsequently obteined after a

dryiug procedurs under vacuum at T = 40° C until no weight
changes were furibor observed. Welight guins aubsequent to
resorpbion frum liquid weter ut T = 400 C were then followed

for the two samples with different stress histories, and arc
reported in Fig. 14, The previocusly loaded and water pene~
trated sample clearly shows a higher solubility than the un-
loaded sample. In Table 1 the applied atress, squillilrium
moisture uptakes sand percent solubillities increases are re-
ported for the loaded and unloaded samples, An Increase of
ebout 1(. percent of the appirent seiubilities has reen found
after applying 2 stress ihat 1s only 7 perceat of the yielding
gtress for s saturated mmpls (47) or 5 percent of tie G breuk
for a dry sumple (42). Locald sielding in form of erazcs may

be possible since, for the applied strese used, we are well ine j
side the linear elastic regilon of the gress-strain curve {42},

The increase in"crazebiiity"expected as a consequence of

the increase of the driving force for cavitation, Iq, 1s experi-




G
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mentally evidert I ae cppeeondle Siohier 2wt ity of the
losded sampls,

Concluding, wore 1oformellan on the nuture of the uamegp-
ing pricess of ¢poxy resine expoced e puadd environment cap
be obtained performing sorption tesis on differently loaded
samplea at different temperatures, Sorption experiments cere
ried out on samples subjscted to hydrostatic compresalve stress
field are preaently in progress. The results will be compared

th the previous infermation on the syztem ag described in
this report. The effects of environment on the mlerostructure
will be further developed including "stress historiss® in dif-
fersnt conditiona of temperature and humidit}, fellowing the
argumenta lntroduced here on the erazing procesz a6 a form of

local yielding,
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Figure 1.

Figure 24

Figure 3, -

e, -

)

- First (a) and second (b) sorption - desorpticn

welght gain experiments as funcdion of time at
different activities and at T = 60°%. (c) Equili-
brium solubility isotherms st T = 60°C fram s first
(0) 3 second (®) and third (4) sorption - desorption
cycle sets ,
First (a) and second (b) sorption = desorption weight
gailn cxperiments as function of time at different
activities and at T = 75%, (c) Equilibrium solu-
bility isotherms et T = 75%C fyomt first (C) and se-
cond (®) sorptiou - degorption cycl: sets, Dotted
line refers %¢ the initlel linear i:otherm in the une
damaged sysiem o °
First (a) anu secora {b) sorviion - zsorption weight
gedn experiments g8 funciicr of ti- as different ace
tivitles and 2L T = 45%C, (¢) Equilibrium solubility
isotherms at T = 459 (rom : first (U) and secound (@)

sorption - desorption cynle sets,

e o b A




Fivure 4.

Figure 5,

Figure 6.

Figure 7,

Figure 8,

- Rirst ‘&) aro oo urd (b)) sorrticon - desorption

welpiht Jelis experiments as functicn of time nt
difrerent setivitice end at T = 307C. (¢) Foul~
1ibriun solubility lsotherms at T = 30% from 3
first (¢} and second (®) sorptior = denorption
cycle sets,

Welght gains as function of time for water sore
ption from liquid phase at T = 209C and T = 2 C.
Bouilibrium solubility lsotherms as function of
the actual moisture pressure,

Apparent Henry's constanis as a functuin of 1/T
obtained, Fram: linear 3isctherma cf sacond sore
ption experiments { demaged rateriel ) (8); inie
tiel lincar isotherma of specimens provicusly ee
quilibrated a:. T = 609°C and 8 = 0.9, (A),
Sorption ¥inetdrs at different humidity levels

at T = 30% (a) and P = 450C (b) of ‘pecimens nrea
viously equilibrated at T = 60°% and & = 0,93

(e} Compariscn Letweer linear i.otherms zt T :ASOC
and T = 30% for sanplecs equililiretcd at the tegt

temperature (@), and proviouvsly eguilibratad at

T = 60° ~nd a = 0,99 (0},




il e Lo

Figure

Figurs

Figure

Fipure

Figure

Ty

11,

12,

Tl

AY

Moisture zer;tion (0} and desorpticm #) curves

foo Mg eagl" rosin et tvwe different esterial
netivities, T = 7570,

dotsiure sorrtion (O) and cesorption (@) curvee
for a previously equilibrated resin at T = 75%
and a = C,99, External activity & = .80,
Comparison between molswure norptiun in the same
external conditions for resin with different pre-
vious historisg,

Diffusion coc’ficient reductions D'/D'!for so=
lubility icereases (KA / &% )1 (0) experimental,
(=) eguaticn %, ’

Crossplot of diffusicr coefficlents and solubi-
litivs ss Conction of 9/T for undamaped (0,4)

and damiged st T = 60% and & = 0,99 (@,4) epo-
xy resins,

Licuid water uptaxe in resorrntion tests performed
on rreviously suturated in liquid water arc subsee
quertaly drioc samples (T = 40°%), (0) Previocusly

londed ( = 0,30 kg/mz) and (@) unloaded samples.
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